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Subcellular localization determines the availability of
non-targeted proteins to plasmodesmatal transport
Katrina M. Crawford and Patricia C. Zambryski
Background: Individual plant cells are encased in a cell wall. To enable cell-to-
cell communication, plants have evolved channels, termed plasmodesmata, to
span thick walls and interconnect the cytoplasm between adjacent cells. How
macromolecules pass through these channels is now beginning to be understood.
Results: Using two green fluorescent protein (GFP) reporters and a non-
invasive transfection system, we assayed for intercellular macromolecular traffic
in leaf epidermal cells. Plasmodesmata were found in different states of dilation.
We could distinguish two forms of protein movement across plasmodesmata,
non-targeted and targeted. Although leaves have generally been considered
closed to non-specific transport of macromolecules, we found that 23% of the
cells had plasmodesmatal channels in a dilated state, allowing GFP that was
not targeted to plasmodesmata to move into neighboring cells. GFP fusions that
were targeted to the cytoskeleton or to the endoplasmic reticulum did not move
between cells, whereas those that were localized to the cytoplasm or nucleus
diffused to neighboring cells in a size-dependent manner. Superimposed upon
this non-specific exchange, proteins that were targeted to the plasmodesmata
could transit efficiently between 62% of transfected cells.
Conclusions: A significant population of leaf cells contain plasmodesmata
in a dilated state, allowing macromolecular transport between cells.
Protein movement potential is regulated by subcellular address and size.
These parameters of protein movement illustrate how gradients of
signaling macromolecules could be formed and regulated, and suggest that
non-cell-autonomous development in plants may be more significant than
previously assumed.
Background
Plant cells communicate with one another and dissemi-
nate nutrients through intercellular channels termed plas-
modesmata (reviewed in [1,2]). Plasmodesmata are plasma
membrane lined channels through plant cell walls and
have a core of modified endoplasmic reticulum (ER)
through their center. Transport is thought to occur through
the cytoplasmic space between the plasma membrane and
ER core. Primary plasmodesmata form at the cell plate
during cell division, whereas secondary plasmodesmata
are established across existing cell walls. 
Predominately plasmodesmata have been viewed as static
— either open or closed to intercellular traffic. However,
plasmodesmata actually fluctuate between these two states
temporally; for example, plasmodesmata close temporarily
in the shoot apical meristem during developmental transi-
tions [3–5]. Additionally, cells exposed to pressure differ-
entials, plasmolysis, calcium, or inositol triphosphate react
with a decrease in plasmodesmatal size exclusion limits
(SEL) [6–9], whereas increased SELs result from osmotic
shock, actin-disrupting drugs, profilin, or azide [7,10–14].
Plasmodesmata closure may also be permanent, as in
mature guard cells of the leaf [15] and epidermal cell files
in the root [16,17].
Endogenous and exogenous proteins interact specifically
with and pass through plasmodesmata [1]. The well-
studied P30 movement protein of tobacco mosaic virus
(TMV) [18] reveals how viruses have evolved proteins to
manipulate these channels to facilitate viral spread to
neighboring cells [19,20]. Besides moving itself, P30
dilates or ‘gates’ plasmodesmata, provoking movement of
macromolecules in trans [21–23]. The speed at which viral
proteins move into adjacent cells indicates that an endoge-
nous pathway for regional and long-distance communica-
tion is usurped. Indeed, the maize transcription factor
KNOTTED, and several phloem resident proteins, are
efficiently trafficked between cells and may be involved
in such pathways [24–27]. Recent studies with the green
fluorescent protein (GFP) suggest that plant cells have an
innate capacity to allow movement of large non-specific
proteins within the phloem and between cells of the leaf
blade [28,29].
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Here, we report the use of a dual GFP reporter system
combined with an efficient co-transfection strategy to
monitor hundreds of cells in a single experiment for
their intercellular traffic potential. Using this quantitative
approach, we were able to distinguish between two types
of protein movement through plasmodesmata, non-tar-
geted and targeted. Transit of non-targeted proteins was
found to be regulated by their availability, subcellular
locale and size; thus, cells can share proteins by diffusion
while avoiding the non-selective exchange of all compo-
nents. The experimental approach allowed non-targeted
movement to be compared directly and quantitatively to
targeted protein movement by TMV P30. Targeted protein
movement was substantially more efficient, and demon-
strated a distinct pattern of movement.
The data predict that plasmodesmata fluctuate between
three states, closed, open and an extended-open confor-
mation, termed ‘dilated’. Closed lack the movement of
even small probes between cells, whereas open plasmo-
desmata allow passage of small metabolites, ions and
photosynthate. A significant fraction of leaf cells carry
innately dilated plasmodesmata, that are likely to facili-
tate the non-specific diffusion of large (non-targeted)
macromolecules. This highly dynamic nature of plasmod-
esmata has profound implications for all aspects of plant
growth and development.
Results
Intercellular traffic examined using microprojectile
bombardment
Plasmodesmatal trafficking was analyzed in leaf epidermal
cells of one month old Nicotiana plants. DNA encoding
GFP-tagged proteins was introduced by microprojectile
bombardment of DNA-coated gold particles in an aerosol,
at low pressure, without physical damage to the leaf. Addi-
tionally, a ‘co-bombardment’ strategy simultaneously intro-
duced two constructs, a GFP tester plasmid and a GFP
reporter plasmid, at a molar ratio of 12:1, respectively.
This strategy distinguishes protein trafficking from trans-
fection of multiple cells that might be mistaken as evi-
dence of movement. To establish a system to monitor
cell-to-cell transit, cells were co-bombarded with both an
ER-retained GFP (ER–GFP; excited by ultraviolet light)
and a tester red-shifted GFP (rsGFP; excited by blue
light). rsGFP was capable of non-cell-autonomous diffu-
sion from sites of initial synthesis (marked by ER–GFP)
into neighboring cells (Figures 1 and 2a,b). Cell division of
transfected cells did not contribute to movement observed,
as adjoining cells were never seen with equal fluorescence
and proteins incapable of intercellular movement were
always detected only in one cell. 
Oparka et al. [28] have also used (albeit single) bombard-
ment to reveal GFP movement in tobacco leaf cells. The
results presented here expand on these earlier studies,
and also present the first quantitative assessment of the
movement potential of large numbers of independent
cells at different sites on the leaf epidermis at a given
time. To be able to monitor hundreds of transfected cells,
we predominately used standard fluorescence microscopy,
monitoring only one focal plane (versus confocal imaging
in Oparka et al. [28]).
Non-targeted protein movement
We first quantified the percentage of transfected cells
that allowed rsGFP movement to neighboring cells one
day post bombardment. Movement of rsGFP (27 kDa)
occurred from an average of 23% of transfected leaf epi-
dermal cells, to an average of eight surrounding cells
(Table 1a). Further, the percentage of cells allowing dif-
fusion increased on subsequent days (data not shown);
thus, the plasmodesmata aperture fluctuates, and initially
undilated plasmodesmata may later adopt a dilated state.
The rsGFP localized throughout the cytoplasm and
nucleus, and cell walls were free of fluorescence
(Figure 2c,d). As GFP fluorescence appeared as a gradi-
ent from brightest in the initial cell to progressively less
in adjacent cells (Figure 2c), the movement was likely to
have occurred by simple diffusion, dependent on dilated
plasmodesmata. This pattern of ‘non-targeted’ protein
movement was distinct from that observed with proteins
that specifically target to plasmodesmata (see below).
Duplication of the rsGFP open reading frame in tandem,
produced a 54 kDa fluorescent protein (Figure 1). Move-
ment of this double rsGFP (2×rsGFP, 54 kDa) one day
post bombardment was limited, as only 2% of transfected
cells in expanded leaves exhibited diffusion to an
average of only four cells (Table 1a). The sub-cellular
localization of 2×rsGFP (data not shown) was similar to
rsGFP (Figure 2c).
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Figure 1
Schematic representation of the GFP fusion proteins that were
transfected into leaf epidermal cells. All proteins are expressed from
the cauliflower mosaic virus (CaMV) 35S promoter. Yellow boxes,
Myc epitope tag; KDEL, ER retention signal sequence; SP, signal
peptide; mTn, carboxy-terminal domain of mouse talin; NLS, nuclear
localization signal.
GFP-mTn 34 kDa GFP mTn
GFPER–GFP 27.5 kDa 
TMV P30P30–rsGFP 57 kDa rsGFP
rsGFP 27 kDa rsGFP
rsGFP2XrsGFP 54 kDa 
NLS
NLS–rsGFP 27.6 kDa rsGFP
NLS
NLS–2XrsGFP 54.6 kDa rsGFPrsGFP
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Diffusion of dyes and dextrans
To further demonstrate that non-targeted trafficking
occurs, and is not specific to GFP, fluorescent dextrans
were bombarded and analyzed for their ability to transit
plasmodesmata. Fluorescent dextrans have been used
previously to assess plasmodesmata SEL following
microinjection [21–23]. It is important, however, to char-
acterize dextran movement by a less invasive manner of
introduction, such as by the present strategy. Plants were
bombarded and assayed for movement immediately, to
avoid probe breakdown. As a control for general move-
ment by our bombardment procedure, we first introduced
the membrane-impermeable small dye 8-hydroxypyrene-
1,3,6-trisulfonic acid (HPTS, 524 Da) [30]; HPTS moved
from all transfected cells, indicating that the plasmodes-
mata were in an open conformation (Table 1b). In con-
trast, movement of FITC-conjugated dextrans was limited,
illustrating that smaller populations of cells had dilated
plasmodesmata. Dextrans of 3 kDa diffused from cells
with a frequency similar to rsGFP (23%; Table 1b,
Figure 2e). Dextrans of 9.5 and 19.5 kDa moved to a
lesser extent (~15%), indicating a smaller population of
cells had plasmodesmata in an even more dilated state
(Table 1b, Figure 2f). When diffusion occurred, dextran
probes moved to an average of three surrounding cells
(monitored immediately post bombardment as opposed to
rsGFP, which was monitored at least 10 hours after
expression was first detected). Although biochemically
and structurally distinct from proteins, these new results
indicate that dextran passes through plasmodesmata to a
similar extent as non-targeted proteins such as GFP. Dex-
trans have been considered incapable of plasmodesmatal
transit except when simultaneously microinjected with a
plasmodesmatal-targeted protein such as TMV P30 (see,
for example, [23]). Thus, bombardment of these probes
reveals that size-dependent non-targeted movement occurs
both for proteins and polysaccharides, and further impli-
cates diffusion as the mechanism of exchange.
Targeted plasmodesmatal traffic
If rsGFP, a non-targeted protein, can diffuse through plas-
modesmata in 23% of transfected cells, what is the fre-
quency of movement of proteins specifically known to pass
through plasmodesmata, such as TMV P30 [18]. Introduc-
tion of P30 fused to GFP (P30–rsGFP, Figure 1), resulted
in movement out of 62% of transfected cells, to an average
of eight surrounding cells one day post bombardment
(Table 1c), and after an additional 24 hours, nearly 100% of
the expressing cells allowed transport of P30–rsGFP (data
not shown). These quantitative studies indicate that ‘tar-
geted’ plasmodesmatal transport greatly exceeds non-tar-
geted transport, as 57 kDa P30–rsGFP moved 2.7-fold
more than 27 kDa rsGFP, and 31-fold more than 2×rsGFP,
a protein of similar molecular weight (Table 1a,c). 
P30–rsGFP localized to the expected subcellular sites, ER
(Figure 3a), microtubules (Figure 3b), and punctae on the
plasma membrane and cell wall (Figure 3c,d) [31–36].
Early following bombardment, the transfected cell could
be identified by its high fluorescence (Figure 3c), but
within hours the fluorescence became equalized with sur-
rounding cells (Figure 3d). This pattern suggests a ‘tar-
geted’ mode of cell-to-cell transport to cell wall sites and
plasmodesmata, in contrast with the continuous gradient of
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Figure 2
Non-targeted diffusion through plasmodesmata following
microprojectile bombardment. (a) ER–GFP expression detected using
ultraviolet light. ER–GFP was localized solely to the transfected cell and
was not capable of intercellular diffusion. (b) ER–GFP and rsGFP
expression seen with a fluorescein isothiocyanate (FITC) filter set.
rsGFP had moved beyond the transfected cell as marked by ER–GFP,
see (a). (c) The rsGFP was capable of diffusion into neighboring cells
and was localized throughout the cytoplasm and nucleus.
(d) Intercellular movement of rsGFP resulted in cell walls devoid of
fluorescence in between the bright plasma membranes of adjacent
cells. (e) FITC-coupled dextran (FITC–dextran, 3 kDa) showing
movement to adjacent cells. (f) FITC–dextran (9.5 kDa) was localized
throughout the cytoplasm and diffused through the plasmodesmata into
the surrounding cells. All images were captured using a CCD camera
and an epifluorescence microscope. The scale bars represent 10 µm.
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fluorescence observed for non-targeted proteins (compare
Figure 3d with Figure 2c).
Lack of movement by subcellular-localized proteins
If non-targeted proteins can be freely exchanged between
cells, how do cells ensure against loss of cell-specific com-
ponents? To address this issue, we monitored the ability
of proteins similar in size to rsGFP, but targeted to differ-
ent subcellular compartments, to transit through plasmod-
esmata. ER–GFP (Figure 1) localized to the lumen of the
ER (Figure 4a) and did not diffuse from transfected cells
(Table 1a). To assess whether availability for plasmodes-
matal transport would be greater for a protein not retained
within an organelle, we analyzed GFP fused to the actin-
filament-targeting domain of mouse talin (GFP–mTn,
34 kDa; Figure 1) [37]. GFP–mTn localized to the actin
cytoskeleton (Figure 4b,c) but remained within the trans-
fected cell (Table 1a). Both of these localized proteins
were unable to move cell-to-cell even over several days.
These cellular addresses were chosen because of their
structural connection to plasmodesmata. Modified ER
forms the axial center of plasmodesmata [38] and may be
an alternative passageway for cell-to-cell exchange, and
actin has been implicated in controlling SEL [10,11,33].
Thus, ER–GFP or GFP–mTn might have localized to plas-
modesmata and moved to adjacent cells. These fusions
were completely retained within transfected cells, however. 
Plasmodesmatal traffic by a nuclear-localized protein
We next assayed proteins localized to another major cellu-
lar compartment, the nucleus, for intercellular traffic. A
bipartite nuclear localization signal from VirD2 of Agrobac-
terium tumefaciens [39] was added to the amino terminus of
rsGFP (NLS–rsGFP, Figure 1). Surprisingly, this chimeric
protein resulted in movement from 17% of transfected
cells, to an average of four cells (Table 1a). NLS–rsGFP
was localized predominately in the nucleus, both in trans-
fected cells and following intercellular transit (Figure 4d,e).
In transfected cells, NLS–rsGFP was also present at the
membrane and in a compartment resembling the cortical
ER (Figure 4d). Fluorescence was greatest in the bom-
barded cell with reduced amounts in successive cells.
Clearly, nuclear localization does not inhibit movement of
rsGFP into neighboring cells. Further, to provide evi-
dence that intercellular transit occurs by diffusion, we ana-
lyzed the movement potential of 2×rsGFP fused to the
same NLS signal (NLS–2×rsGFP, 54.6 kDa; Figure 1).
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Table 1
Average percentage protein movement and range of movement.
(a) Non-targeted protein movement through plasmodesmata*
Size Number of cells Percentage Average number
Protein (kDa) analyzed movement† of cells‡ Range§
rsGFP 27 1661 23 8 2–25
2×rsGFP 54 1616 2 4 2–8
ER–GFP 27.5 245 0 0 0
GFP–mTn 34 155 0 0 0
NLS–rsGFP 27.6 415 17 4 3–12
NLS–2×rsGFP 54.6 94 0 0 0
(b) Symplastic tracer movement through plasmodesmata
Size Number of cells Percentage Average number
Tracer (kDa) analyzed movement† of cells‡ Range§
19.5 kDa dextran 10–19.5 171 15 3 2–5
9.5 kDa dextran 3–9.5 173 14 3 2–5
3 kDa dextran 3 146 23 3 2–6
HPTS 0.5 133 100 10 5–17
(c) Plasmodesmatal-targeted protein movement
Size Number of cells Percentage Average number
Protein (kDa) analyzed movement† of cells‡ Range§
P30–rsGFP 57 1267 62 8 2–15
*The percentages for non-targeted movement were obtained following
co-bombardment with the control plasmid, Litmus 28. †Percentage
movement reflects the number of transfected cells allowing movement
of protein or tracer into surrounding cells. This was recorded 16–20 h
post-bombardment, except for symplastic tracers, which were
monitored immediately following bombardment. Results are from
epidermal cells, excluding trichomes and stomata. ‡The average
number of cells, surrounding the bombarded cell, into which the
transfected protein or tracer had moved was determined. §This column
summarizes the range that we observed in the numbers of cells
(low–high) into which the protein or tracer had moved, from the
bombarded cell. Dextrans were purified by size selection: 19.5 kDa
dextran over a 10 kDa size selection filter, and 9.5 and 3 kDa dextrans
over a 3 kDa size selection filter.
This protein was targeted to the nucleus in transfected
cells where it was retained, unable to escape the nucleus
or transit through plasmodesmata (Figure 4f). Thus,
nuclear-localized proteins are capable of cell-to-cell transit
in a size-dependent manner. 
Discussion
Here, we have presented distinguishing features of two
types of protein transport through plasmodesmata, which
we have defined as targeted and non-targeted (summa-
rized in Figure 5). Targeted transport occurs for proteins
that may directly interact with plasmodesmatal compo-
nents to achieve their own transport. Non-targeted passage
occurs when proteins or other macromolecules not specifi-
cally destined for plasmodesmatal traffic move between
cells by diffusion. We propose that plasmodesmata fluctu-
ate between three conformations: closed, when no molec-
ular exchange occurs (as in stomata and some cell files in
the root epidermis) [15,17]; open (or undilated), when
molecules less than the basal SEL (for leaf: 1 kDa) are
exchanged; and dilated, allowing macromolecular traffic to
varying degrees. Dilation is triggered either by targeted
plasmodesmatal proteins (gating), growth conditions, or by
the developmental state of the tissue ([28]; K.M.C. and
P.C.Z., unpublished data). At any given time, different
populations of cells of the leaf may fluctuate between the
undilated and dilated state. The dilated state is likely to
be critical for regulating the traffic of proteins involved
in non-cell-autonomous development, resistance against
pathogens, and response to the environment.
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Figure 3
Targeted transport of TMV P30–rsGFP. P30–rsGFP was found localized
in discrete subcellular sites throughout the cell and at the cell wall.
(a) Confocal laser scanning microscope image showing localisation of
P30–rsGFP to cortical ER [36]. (b) Localization of P30–rsGFP to the
cytoskeleton [33,34]. (c) P30–rsGFP localized throughout the cytoplasm
of the transfected cell and to cell wall punctae in cells into which it had
moved. The transfected cell can be identified by its greater fluorescence.
(d) Foci of P30–rsGFP cells. The protein was predominately localized to
punctae in the cross walls, presumably sites of plasmodesmata. The
images were from a CCD camera and epifluorescence microscope,
except for (a). The scale bars represent 10 µm.
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Figure 4
Subcellular localization determines the availability of proteins for
plasmodesmatal transport. (a) ER–GFP was found localized to the ER
lumen and was incapable of plasmodesmatal transit. (b) GFP–mTn
localized to actin filaments and was cell autonomous. (c) Higher
magnification view of the cell transfected with GFP–mTn, showing
localization to actin filaments. (d) NLS–rsGFP was localized within the
nuclear compartment but also transited into neighboring cells. The
transfected cell contains NLS–rsGFP in the nucleus, at the cell
membrane, and in what appears to be the cortical ER, whereas in
neighboring cells NLS–rsGFP was detected only in the nucleus.
(e) NLS–rsGFP transited from the transfected cell into 12 neighboring
cells. (f) NLS–2×rsGFP was retained in the transfected cell. Panels
a–c,e,f were obtained using an epifluorescence microscope; (d) is a
confocal image. The scale bars represent 10 µm.
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Non-targeted plasmodesmatal transport
Historically, only targeted proteins, such as plant viral
movement proteins, have been considered to traffic
through plasmodesmata. Recently, large proteins have
been found to diffuse between cells [28,29]. Here, we
have shown that the extent of non-targeted protein move-
ment depends on protein size and subcellular localization,
as well as plasmodesmata aperture at a particular time.
Non-targeted movement of proteins, or fluorescent dex-
trans, by diffusion does not require specific interactions
with plasmodesmatal components per se. Three proteins
exemplify non-targeted protein diffusion, rsGFP,
2×rsGFP, and NLS–rsGFP (see below).
Passive non-targeted movement of proteins through plas-
modesmata may have gone undetected previously because
of low numbers of cells analyzed, stress induced by exper-
imental parameters, and/or the developmental or physio-
logical state of the tissue examined. Some bombardment
conditions allowed movement of viral-movement protein,
but not GFP to be detected [40,41]; these studies used
detached leaves and high-pressure bombardment (1300 psi),
potentially leading to tissue damage. Indeed, detached
leaves bombarded using even low pressure (60 psi) did not
support rsGFP intercellular diffusion, whereas TMV P30
trafficked between cells (K.M.C. and P.C.Z., unpublished
results). A stress response or lack of turgor pressure may
close or restrict plasmodesmata, disrupting non-targeted
protein movement but allowing intercellular transport of
viral-movement proteins.
Most studies to determine leaf cell-to-cell transport have
used microinjection, and defined leaf SEL as less than
1 kDa [21,23,42,43]. Microinjection is likely to be more
intrusive than aerosol bombardment, and may not reveal
non-targeted movement. Here, bombardment allows com-
parison of SEL in a large number of leaf cells. The small
tracer HPTS passed freely between all cells tested, as
expected. Notably, 3 kDa dextran also moved from a large
percentage (23%) of cells. Fewer, but nonetheless signifi-
cant (15%) numbers of cells allowed movement of larger
dextrans (9.5–19.5 kDa), marking those cells with dilated
plasmodesmata of greater aperture. Thus, leaves do not
contain plasmodesmata of a single low SEL, but instead
contain heterogeneous mixes of cells with differing degrees
of plasmodesmatal distension. 
Within all leaves examined, some cells did not allow diffu-
sion of rsGFP and therefore must contain plasmodesmata
that preclude macromolecular transit during the assay
period (1–2 days). Such cells had normal cytoplasmic
streaming and were not autofluorescent, arguing they are
not damaged, but simply had plasmodesmata in an undi-
lated state. Thus, cells of the leaf have plasmodesmata in
varying states, which fluctuate temporally, with some cells
insulated from diffusion and possibly targeted protein
transport, and others capable of protein exchange.
The function of non-targeted, diffusive plasmodesmatal
transport remains to be determined. However, the pattern
of rsGFP (or 2×rsGFP) movement, detected as highest in
the transfected cell to lowest in the last cells of a foci,
illustrates a method by which a plant may easily create a
gradient of protein expression. The importance of such
gradients in morphogenesis is clear, and possible roles
within an expanded leaf cannot be precluded. 
Targeted plasmodesmatal transport
Targeted protein transport through plasmodesmata is
evident in the cell-to-cell transit of the TMV P30 move-
ment protein. P30 itself was efficiently trafficked through
plasmodesmata when expressed in leaf cells following
bombardment. P30 is likely to interact directly with plas-
modesmatal components as it could pass through plas-
modesmata in nearly all cells (62%).
A clear difference in the appearance of GFP at the plant
cell wall region distinguishes targeted and non-targeted
protein movement. P30–rsGFP marked its transit
through plasmodesmata with fluorescent punctae in the
wall, whereas the walls of cells trafficking non-targeted
proteins were devoid of fluorescence. Protein unfolding
has been suggested to be required for cell-to-cell trans-
port [44]. That P30–rsGFP formed puncta in the wall
suggests it is correctly folded during plasmodesmatal
passage, as GFP is not fluorescent when unfolded [45].
As rsGFP, 2×rsGFP and NLS–rsGFP did not mark the
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Figure 5
Targeted versus non-targeted transport of macromolecules through
plasmodesmata. A single plasmodesma is shown as a large grey
channel, embedded in the cell wall (brown ribbons); the ER core is
shown in darker grey. Non-targeted macromolecules (green) diffuse,
according to concentration and size, through these channels without
interacting with plasmodesmatal components. In contrast, targeted
macromolecules (purple) interact with plasmodesmatal components
(pink). Some subcellular addresses, such as anchoring to actin
filaments (dark blue wavy line), affect transportability of non-targeted
proteins (red); other non-targeted proteins, and proteins localized to
soluble compartments, such as the cytoplasm or nucleus, freely diffuse
according to their size (see Figures 2 and 4, and text).
cell wall with puncta, it is likely that they do not interact
with plasmodesmata. 
Parameters affecting non-targeted protein transport
If non-targeted proteins diffuse through plasmodesmata
into neighboring cells, how can cells maintain cell-spe-
cific regulation? Cells safeguard against such loss by the
localization of proteins to specific subcellular sites or to
multi-subunit complexes of size above the SEL of even
dilated plasmodesmata. Localization of rsGFP to the ER
lumen, or along the actin cytoskeleton, prevented inter-
cellular diffusion. Non-movement of ER-sequestered
GFP argues against transit of proteins through the ER
core of plasmodesmata (see also [28]). Proteins may be
too large to move through the axial center of plasmo-
desmata, whereas small probes can transit this passage-
way [46]. That ER- or microfilament-localized GFP
fusions are within the size range found to diffuse through
plasmodesmata, but never exit the transfected cell, indi-
cates that subcellular localization interferes with intercel-
lular transport. 
Interestingly, addition of an NLS to rsGFP did not inhibit
its cell-to-cell movement; NLS–rsGFP was able to pass
into neighboring cells and their nuclei. This nuclear-plas-
modesmatal transport is noteworthy, considering the pro-
posal that a signal directing plasmodesmatal transport
might resemble an NLS; deletion of the NLS of the
KNOTTED transcription factor eliminates its ability to
traffic between cells [24]. Here, the percentage of cells
supporting NLS–rsGFP movement (17%) is similar to
non-targeted transport of rsGFP (23%). This movement
was less than targeted traffic of P30–rsGFP (62%), indicat-
ing that the NLS is not recognized by plasmodesmata. As
NLS–rsGFP is not large enough to be retained within
nuclei [47], it is available for intra- and intercellular diffu-
sion. Protein size generally affects whether diffusible pro-
teins are retained in the nucleus, as NLS–2×rsGFP was
nuclear localized but did not move from cell to cell.
Smaller endogenous nuclear-localized proteins, such as
transcription factors, may be retained if their relevant
DNA-binding sites are available.
Another parameter affecting cell-to-cell diffusion is
protein size. Movement of dextrans between 10 and
20 kDa, and 27 kDa GFP, occurred from 15 to 23% of
transfected cells, whereas movement of 2×rsGFP (54 kDa)
was negligible. This size exclusion is similar to that
reported by Oparka et al. [28] for a 47 kDa protein.
Further, these authors showed that SEL varies depending
on the tissue examined, as restricted movement of the
47 kDa protein occurs only in source, but not sink, leaves.
We have also assessed SEL in sink, juvenile and source
leaves of one-month old Nicotiana plants and found tissue-
specific differences in relative movement (K.M.C. and
P.C.Z., unpublished data). 
Conclusions
Non-plasmodesmatal-targeted proteins diffuse to neigh-
boring cells according to their subcellular localization and
size. The existence of abundant dilated plasmodesmata
necessitates rules whereby cells may communicate, yet
not share all macromolecules with neighboring cells. Cyto-
plasmic or nuclear proteins have the potential to diffuse
from cells, resulting in a gradient away from the express-
ing cell, whereas anchored proteins are unavailable for
non-targeted diffusion between cells. The cellular address
then regulates whether proteins can be freely shared by
diffusion. Targeted and non-targeted plasmodesmatal
transport may function both to regulate transcellular pro-
grams as well as to create protein gradients regulating mor-
phogenesis. Non-targeted protein movement may also
disperse abundant cytoplasmic proteins, to share the wealth
or lighten the load.
Materials and methods
Plant material
N. tabacum cv. Samsun (nn) plants were grown in culture containers
(Magenta) on Murashige and Skoog medium containing MS salts
(Gibco BRL), 60 g/L sucrose, 1× vitamins, and 0.8% agar, in chambers
under a regime of 16 h light, 22°C, 8 h dark at 19°C, 43% relative
humidity. Plants were transplanted to four plants per container when
20–21 days old, and used at 31–34 days. Plants were bombarded
in situ in the evening, returned immediately to their growth conditions,
and analyzed following 16–20 h. GFP expression in upper epidermal
cells was detected at 7 h post bombardment, and continued for at
least 36 h. Cultured plants were used to ensure reproducibility of plant
material. All leaves were scored except the smallest emerging leaves. 
Microprojectile bombardment
An aerosol particle gun was constructed and used for all experiments
[48]. Plants were exposed to one ‘shot’, containing 5 µg plasmid DNA
precipitated onto 500 µg gold particles. For co-bombardments, DNA
was present at a molar ratio of 1:12, GFP reporter to second plasmid,
ensuring that all cells receive the second plasmid [49]. DNA was pre-
cipitated onto 1.0 µ gold particles (Analytical Scientific Instruments) for
30 min, centrifuged for 5 sec, washed twice with water, and resus-
pended in water [50]. Particles (placed on rupture disks) were bom-
barded as an aerosol onto plants covered with a 500 µ nylon baffle
(Spectrum Medical Industries), using a pressure of 60 psi (helium),
25 inches Hg vacuum, and a time constant of 25 msec. The particle
gun was cleaned extensively with RNAse AWAY (Molecular Probes),
70% ethanol, and several mock shots.
Microscopy
Wet mounts of detached leaves were made only at the time of analysis
for immediate viewing. Cells of expanded leaves were analyzed using a
Zeiss Axiphot epifluorescence microscope equipped with a CCD
camera (Princeton Instruments) and Chroma GFP filter set (470/40
LP495 525/50). Images were captured using IPlab software (Scanalyt-
ics). Dual analysis of GFP with rsGFP [51] was achieved using a Zeiss
FITC filter set (485/510 LP520) and UV filter set (365/395 LP 420).
Additionally a Zeiss confocal laser scanning microscope equipped with a
25 mW krypton/argon laser was used for subcellular localization studies.
Plasmid constructs
Red-shifted GFP, with an NcoI at the start codon was created by intro-
ducing the necessary mutations into GFP [52] as described in [33].
The rsGFP open reading frame was cloned into the NcoI–PstI sites of
pRTL2 [53] to create pRTL2rsGFP containing a dual CaMV 35S pro-
moter, a tobacco etch virus enhancer region, and a nos terminator.
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Plasmid pRTL2 2×rsGFP was created by introducing an NcoI site at
the stop codon of pRTL2rsGFP, digesting with NcoI to remove the
rsGFP fragment, and ligating it into pRTL2rsGFP-2Nco partially
digested at the second NcoI site.
Plasmid pRTL2 P30rsGFP was prepared as in [33], except that rsGFP
was used instead of GFP. ER–GFP (pSGFP5K) was obtained from
Jean-Marc Neuhaus and consists of an amino-terminal Arabidopsis chiti-
nase signal peptide fused to mGFP and a carboxy-terminal KDEL signal
for retention in the ER lumen [54]. GFP–mTn (PYSC 14) was obtained
from Nam-Hai Chua [37]. NLS–rsGFP was created by isolating a
NcoI–BspHI fragment from pM-NLSb (T. Durfee and P.C.Z., unpub-
lished results), containing the NLS signal from the Agrobacterium VirD2
protein [39], nested in a Myc epitope tag [55], and ligating it into NcoI-
cut pRTL2rsGFP vector. NLS–2×rsGFP was created by ligating the
same NcoI–BspHI fragment from pM-NLSb into the NcoI site at the
start of 2×rsGFP. Litmus 28 is a general cloning plasmid from Promega.
Symplastic tracers
HPTS acetate (Molecular Probes, A-396) was prepared fresh in water
at 2 mg/ml, and 4 µl were used per shot (~1 µl per leaf). FITC–dex-
trans (Sigma) were made fresh in water, and purified through either
YM-3 (3000 Da) or YM-10 (10,000 Da) Microcon filters (Amicon); 5 µl
purified dextrans were used per shot (~2 µg per leaf) and 500 µg gold
particles (in water) were mixed with tracer per shot. Plants were rinsed
with water five times following bombardment to remove excess probe,
and leaves were analyzed immediately.
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